An injection of either heat-killed Salmonella typMmurium or the lipopolysaccharide from any one of several different Gram-negative bacteria prevents or lowers, depending upon dosage, the increase in urinary nitrogen excreted by mice in response to an injection of adrenocorticotrophic hormone (ACTH) (1). All available evidence points to the fact that endotoxin is responsible for this effect and that the quantity required is inversely proportional to the toxicity of the specific preparation employed. The underlying physiological basis for this action of endotoxin, however, remains obscure.
(From the Department of Biology, Bryn Mawr College, Bryn Ma~z)
(Received for publication, July 19, 1961) An injection of either heat-killed Salmonella typMmurium or the lipopolysaccharide from any one of several different Gram-negative bacteria prevents or lowers, depending upon dosage, the increase in urinary nitrogen excreted by mice in response to an injection of adrenocorticotrophic hormone (ACTH) (1) . All available evidence points to the fact that endotoxin is responsible for this effect and that the quantity required is inversely proportional to the toxicity of the specific preparation employed. The underlying physiological basis for this action of endotoxin, however, remains obscure.
In order to place the problem in clearer perspective, the following facts have been established: (a) Fasted female mice weighing about 20 gm excrete in an overnight period (17 hours) between 13 and 14 mg urinary nitrogen. This quantity is depressed slightly but not by a statistically significant amount following intraperitoneally administered endotoxin at dosage levels sublethal but toxic for mice (2) .
(b) Fasted mice injected subcutaneously with 0.5 to 8 units of ACTH (Armour's acthar gel) excrete overnight about 29 mg urinary nitrogen (2) .
(c) Fasted mice injected subcutaneously with 5 mg cortisone acetate excrete overnight about 21 mg urinary nitrogen (2) .
(d) An LDa0 dose of endotoxin fails to alter the urinary nitrogen excreted after an injection of cortisone while a toxic but sublethal dose of endotoxin either prevents completely or lowers in proportion to dose the elevation in nitrogen excreted after an ACTH injection. It is the latter effect that serves as the previously described assay for endotoxin (1) .
It is reasonable to assume from reports in the literature (3) that the rise in urinary nitrogen excreted by normal mice given ACTH results, at least in * This work was supported in part by a National Science Foundation Grant G-11570 and in part by Training Grant 2E-148 from the National Institute of Allergy and Infectious Diseases.
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part, from the protein b r e a k d o w n t h a t accompanies the release of endogenous glycocorficoids. Failure to observe such a rise in endotoxin-treated mice could be interpreted, therefore, (a) as a diminution in or complete suppression of the response of the adrenal cortex to A C T H for a n y one of several possible reasons, (b) as an inability of the endogenously produced corticoids to exert their metabolic effect, or, (c) as a reduction in renal excretion of a c c u m u l a t e d nitrogenous wastes. T h e experiments described in this report were designed to discriminate between these possibilities. T h e results indicate t h a t (c) is involved beyond question b u t perhaps not to the complete exclusion of (a).
Methods

Determination of in Vitro Secretion of Corticoids by Adrenal
Glands of M/ce.--The method described by Elliot et al. (4) as modified by Saffron and Schally (5) for quantitating in vitro corticoid secretion by adrenal tissue was adapted for adrenal glands of mice. From 10 to 12 glands, 40 to 50 mg combined weight, were pooled for each determination. Preliminary tests established that sectioning of glands did not alter significantly the secretion of hormones. Whole glands were used, therefore, in all experiments to be described. Mice were anesthetized with nembutal (1 mg intraperitoneally per 10 gm of mouse) approximately 15 minutes prior to the removal of the adrenals. The glands were preincubated at 37°C in a Dubnoff shaker for one hour in 1.5 ml of Krebs-Ringer bicarbonate solution gassed with 95 per cent oxygen and 5 per cent carbon dioxide. This medium was discarded and replaced by fresh solution containing 0.01 unit of ACTH (see below) and similarly incubated for 2 hours. Armour's lyophilized ACTH, R491284 (generously supplied by Dr. R. E. Thompson, Armour Pharmaceutical Co., Kankakee, Illinois) was employed in all experiments. At the end of the incubation period 1 ml of the solution was transferred to a small glass-stoppered tube containing 2.5 ml chloroform. The corticoids were extracted into the chloroform, 2 ml of which were then evaporated to dryness under an infrared lamp. The residue was dissolved in 3 ml of 95 per cent ethanol and the color developed with blue tetrazolium (3,3'-dianisole-bis-4,4'-(3,5-diphenyl) tetrazolium chloride) was read in a Coleman model 14 spectrophotometer at 510 m/~. Blue tetrazolium from Nutritional Biochemicals, Cleveland, and from the British Drug House, Boston, gave indistinguishable results. Cortisone acetate (Nutritional Biochemicals) was used as the standard and for each test a known amount of cortisone acetate was analyzed as a check on the color development.
Liver and kidney slices were assayed in the same way as the adrenal glands but no "corticoids" appeared. Cholesterol was not detected by this method.
Determination of Adrenal CholesteroL--Adrenal glands from a single mouse were weighed on a torsion balance and homogenized in glacial acetic acid. Mter filtering, aliquots were analyzed for cholesterol by the method of Knobil et al. (6) .
Determination of Non-Protein Nitrogen of Blood.--Blood from mice was collected in paraffined watch glasses following decapitation with sharp scissors. Proteins were precipitated by adding to the blood of two mice two volumes of 10 per cent trichloroacetic acid. The supernatant solution was assayed for nitrogen by micro Kjeldahl analysis.
Measurement of Blood Amino Acid Nitrogen and Urea Nitrogen.--A tungstic acid filtrate of blood from two to three mice was used for determining both amino acid and urea nitrogens. For the former, the method of Frame eta/. (7) was employed in which the color developed in the reaction between amino acids and /3-naphthoquinone-4-sulfonic acid in alkaline solution was read at 490 m/z in a Coleman model 14 spectrophotometer. The values were compared to a standard containing a mixture of glycine and glutamic acid. Urea nitrogen was evaluated by incubating an appropriate aliquot of blood filtrate with acetate buffer and urease solution in a water bath at 50°C for 15 minutes. The ammonia thus formed was determined by micro Kjeldahl analysis using corrections derived from appropriate reagent blanks.
Determination of Urine Nitrogen.--The technique for collecting urine from mice has been described previously (2) . Nitrogen content was determined by micro Kjeldahl analysis.
Total Non-Protein Nitrogen in the Mouse.--The skinned mouse with digestive tract removed was homogenized in an omnimixer (or Waring blendor) for 2 minutes in 10 per cent trichloroacetic acid. The volume of acid used (in cubic centimeters) was determined by subtracting the carcass weight in grams from 100. Following centrifugation, 2 mi of the dear supernatant was assayed for nitrogen by the micro Kjeldahl procedure. Compounds of a known nitrogen content were added to the homogenate and were recovered quantitatively to within less than 1 per cent error.
The digestive tract with its contents was analyzed separately for non-protein nitrogen (NPN) 1 by the same procedure.
Kidncy Function Tests.--Plasma clearance of inulin was measured in mice by giving an intravenous injection of inulin (20 mg contained in 0.2 ml of 0.5 per cent saline) and collecting blood at appropriate intervals postinjection to determine the amount disappearing from the blood. Treatment with Somogyi reagents removed blood proteins and the supernatant was then used for colorimetric determination of inulin by means of resorcinol (8) with readings at 490 m# in a Coleman model 14 spectrophotometer.
Phenol red was injected intravenously, 0.05 mg dissolved in 0.1 ml of pyrogen-free saline. Urine was collected for a period of 3 hours. At the end of this time, digital pressure on the mouse abdomen caused the animals to void most of the urine contained in the bladder. The collecting funnels were rinsed with water which was added to the urine in the collection tubes. The urine was diluted to a constant volume, made alkaline with NaOH, and the color read at 520 m# in a Coleman model 14 spectrophotometer against a phenol red standard.
A third test of renal function involved an intravenous injection of 20 mg urea (9.3 mg urea nitrogen). Thirty minutes later, the total NPN was determined (as described above) for the carcass of these animals and of appropriate control mice given no urea. By difference it was possible to calculate the amount of urea nitrogen remaining in the carcass. The results were expressed as percentage retention.
Endotoxin.--For most of the experiments to be reported, acetone-ether-extracted cells of S. typhimurium, strain SR-11, were used as the source of endotoxin. The particular material employed had an LD60 of 1.5 mg when injected intraperitoneally into 20 gm mice (1) . In some cases a purified lipopolysaccharide derived from Escherichia coli was employed. This material was made available to us by Dr. C. W. DeWitt, Upjohn Co., Kalamazoo, to whom we express our gratitude.
Miscellaneous.--Subcutaneous injections of cortisone acetate (Nutritional Biochemicals)
were given immediately after the hormone was suspended in pyrogen-free saline (Baxter Laboratories, Morton Grove, Illinois) with a drop of tween 80 as a stabilizer. The desired dose was contained in a volume of 0.5 ml.
ACTH (Armour's acthar gel, 40 units per ml) was injected subcutaneously. Each mouse received 0.05 ml or 2 units. Dichloroisoproterenol (DCI) 2 (kindly supplied by Dr. I. R. Slater, Eli Lilly Co., Indianapolis) was injected intraperitoneaUy at a dosage level of 10 mg per kg. It was dissolved in Baxter saline immediately prior to administration.
M/ce.--CF-1 (Carworth Farms) female mice were used exclusively in these studies. Ship-1 NPN, non-protein nitrogen.
2 DCI, dichloroisoproterenol.
ments were received at regular intervals and the animals were used, unless otherwise specified, only when they had reached 20 4-2 gin. The animals were housed in an animal room maintained at 25 ° 4-2°C in stainless steel cages, about 10 per cage, with pine shavings as bedding. Dietrich and Gambrill's pathogen-free mouse food and water were available at all times. adrenal glands under in vitro conditions was determined under relevant experimental conditions. In Fig. 1 , the quantity of corticoid secreted in vitro by adrenal glands is plotted against the dose of A C T H added to the medium. Each point with its standard deviation is based on eight separate determinations except the one for 0.05 unit which represents the mean of four different values. I t is apparent from the plot that glandular output increases toward a maximum with the larger doses of ACTH. In order to be near the mid-region of adrenal secretory capacity, the experiments to be described in the section that follows were done with 0.01 unit of ACTH. This permits detection of increases and decreases in corticoid synthesis.
RESULTS
The Effect of ACTtt
Elect of Endotoxin on in Vitro Secretion of Corticoids and on Cholesterol Content of Adrenal Glands of Mice.--Adrenal glands incubated for 2 hours at
37°C in Krebs-Ringer bicarbonate buffer following a 1 hour preincubation period, during which preformed hormones are largely eliminated (4, 5) , secrete in the absence of ACTH 6.2 4-0.6 pg of corticoid per 100 mg of adrenal tissue. This figure is based on eight separate determinations and serves as a baseline for the data presented in Table I . On the addition of 0.01 unit of ACTH to the final incubation medium normal glands secrete about 21~ times as much corticoid (16.1 pg), line 1, Table I . Glands removed from mice 2 hours after an intraperitoneal injection of 1.5 mg of crude S. typhimurium endotoxin (the LDs0 dose) secrete under in vitro conditions more corticoid than those from control animals as shown in line 2 of Table I . The increase is significant by 
rank test (9) at the 0.1 per cent level of probability. This may be due to the fact that endogenous ACTH produced in response to endotoxin continues to act on the glands under in vitro conditions, thereby augmenting the effect of the ACTH added to the incubation medium. Recall from Fig. 1 that the 0.01 unit of ACTH employed in the assay stimulates approximately one-half maximal secretion.
Since cholesterol is believed to be a precursor in the biosynthesis of adrenocortical steroids (10), the cholesterol content of adrenal glands has been employed as an indication of their prior secretory activity (11) . The results of such determinations have been included in Table I as an assessment of the state of the glands at the time they were removed for in vitro tests. The cholesterol content of glands from normal mice is given in the last column of Table I , line 1. Two hours after endotoxin (line 2), cholesterol decreases significantly below the control value (P = 1 per cent). If one accepts adrenal cholesterol depletion as an indication of previous secretory activity, then the results as given suggest that endotoxin leads to hyperactivity of the gland.
In vitro applied endotoxin had no effect on glycocorticoid output. A highly purified lipopolysaccharide derived from E. coli was added to the medium in which normal glands were incubated and the quantity of corticoid secreted was the same as that found under control conditions. (The data are not included in the table.) This finding may be interpreted in two ways. Either the large endotoxin molecule is unable to reach critical sites within the adrenal gland except, perhaps, in vivo via the blood stream, or else endotoxins alter adrenal function indirectly and, hence, fail to influence directly glandular activity in vitro.
Since the assay for endotoxin based on urinary nitrogen excretion involves a 17 hour collection period, it was deemed essential to evaluate the state of the adrenal glands from poisoned mice at the end of this time. The third line of Table I contains the results. The quantity of corticoids secreted under these conditions is not significantly in excess of that found in the absence of ACTH (6.9 versus 6.2). Moreover, the small cholesterol content of the glands indicates an earlier hyperactivity. Similar findings were obtained with adrenals taken from mice 17 hours after the subcutaneous administration of 4 to 8 units of ACTH (line 4, Table I ). No distinction can be made in the results found with this dose range of ACTH. An apparent depletion in the reserves of the adrenal cortex 17 hours after injection of either endotoxin or ACTH is revealed by the lowering of both in vitro corticoid secretion and adrenal cholesterol content.
The effect of dichloroisoproterenol (DCI) on adrenocorticoid secretion was tested because DCI protects mice against the lethal effects of endotoxin (12) . DCI and endotoxin were injected at the same time and 17 hours later the results shown in the fifth line of Table I were obtained. DCI fails to prevent the depletion of adrenal cholesterol, and the glands from injected animals fail to secrete, in vitro, significantly more corticoids than those from mice given endotoxin alone. One must infer, therefore, that the action of DCI is independent of these particular changes in the adrenals. DCI alone is without influence on adrenal cholesterol, as the last line of Table I shows.
The Effect of Endotoxin on Blood Non-Protein Nitrogen.--The ability of endotoxin to alter the urinary nitrogen excreted in response to ACTH is not obviously attributable to an intervention between this hormone and its target organ. The possibility that endotoxln "blocks" either adrenal sensitivity to ACTH or in some manner prevents ACTH from fulfilling its normal role is not suggested by the data of Table I . It is also known from earlier work (2) that endotoxin fails to alter significantly the effects of simultaneously administered exogenous cortisone. It becomes necessary, therefore, to search elsewhere for a site of endotoxin action. With this in mind, non-protein nitrogen (NPN) in blood was measured under relevant experimental conditions with the results shown in Table II . Values are given as mg nitrogen per 100 ml of blood (rag per cent) and also as mg nitrogen in the total blood volume of the mouse. To calculate the latter, it was assumed that mice weighing 20 gm contain 2.5 ml of blood. This volume has been closely approximated by estimates based on dilution of intravenously injected materials such as inulin (see below). Values for urinary nitrogen excretion also have been included in the table.
A study of the data permits the following generalizations: (a) no appreciable increase in blood NPN occurs under those conditions in which urinary nitrogen excretion is elevated and (b) when endotoxin prevents an elevation in urinary nitrogen in animals in which an elevation is expected, blood NPN rises. More specifically, both ACTH and cortisone, when injected singly, result in an increased output of urinary nitrogen without change in blood NPN (lines 4 and 5, Table II ). Almost identical results are obtained when endotoxin and cortisone are injected at the same time (line 6, Table II ). By contrast, endotoxin alone, at the dosage level employed for the data of Table II , does not alter significantly urinary nitrogen excretion (2) but more than doubles blood NPN. This is evident from the data of line 3 compared with those of lines 1 and 2 of Table II . If the dosage level is increased to twice the blocking dose, urinary nitrogen output is depressed to a value of 8.0 4-1.5 rag. This is significantly lower than that for controls (13.6 rag, Table II ) at the 0.01 level of probability (9) . Experimental data to be presented in Tables IV and V serve to substantiate this effect of large doses of endotoxin. When cortisone is administered 3 hours after endotoxin, blood NPN values are more than twice those for normal mice. Under the same conditions, as line 7 of Table II shows, urinary nitrogen fails to rise above control values. The total change in blood NPN under these conditions (2.3-1.0, from lines 7 and 6) fails to account for the nitrogen that should have appeared in the urine (20.8-13.5, from lines 6 and 7). DCI-treated mice injected with endotoxin have normal levels of blood NPN and slightly but significantly elevated urinary nitrogens (line 8, Table II ). (P = 0.1 per cent by rank test (9)). (DCI alone has no effect on either blood NPN or urinary nitrogen levels.) When DCI is given 3 hours after the endotoxin, blood NPN is nearly double that of normal mice and urinary nitrogen excretion under these conditions fails to increase even with ACTH stimulation. This is shown in line 9 of Table II. Again the change in total blood NPN (2.2-1.1) is well below the urine difference (17.0-10.2).
Both cortisone and DCI, each of which is capable of protecting mice against the lethal effects of endotoxin and the elevation of blood NPN, can do neither when given 3 hours after the endotoxin. Consequently, the LDs0 of endotoxin is unaltered significantly by injections of cortisone or of DCI 3 hours after the toxin has been given. Thus a rise in blood NPN seems to be associated with the toxic manifestations of endotoxins.
Urinary nitrogen excreted by mice given ACTH and an adequate dose of endotoxin does not increase, presumably, because the excess nitrogen formed in response to adrenocortical stimulation is not cleared from the blood by the kidney as indicated by the data of Table II, line 10. Blood NPN is nearly triple that in control mice while urinary nitrogen is about normal. A similar effect is observed following administration by intraperitoneal injection of a lactalbumin digest, edamin S (Sheffield Chemical Co., Norwich, New York) in an amount that contains 15 mg nitrogen (120 mg total) into both control mice and mice poisoned with endotoxin. Control animals excrete the 15 mg of nitrogen quantitatively in urine while maintaining normal blood NPN levels (line 11, Table II ). The endotoxin-poisoned mice given the same quantity of edamin S show no elevation in urinary nitrogen output while their blood NPN is more than tripled (line 12, Table II ). However, the increased amount of nitrogen in the blood (3.2-0.9 --2.3 rag) does not account for the 16.6 mg deficiency in urine, a finding which agrees with that when ACTH is administered under similar conditions. The fate of the nitrogen unaccounted for by these results is considered in a section below.
Analyses of Blood NPN Constituents.--The extent to which qualitative changes in blood NPN occur in endotoxin poisoning was determined in the experiments summarized by the data of Table III . These values show that the doubling of blood NPN in mice poisoned with endotoxin is due in large measure to an increase in urea nitrogen. Amino acid nitrogen is unchanged while all other types of non-protein nitrogen, represented by the difference shown in the last column of Table III , increased only slightly. The end products of nitrogen metabolism that enter the circulation are not appreciably altered by endotoxin except that the proportion of urea to the other nitrogenous wastes is greatly augmented. From these data and those of Table II it may be concluded that an injection of endotoxin in mice causes an elevation in blood NPN. If the release of endogenous ~ adrenal corticoids in response to the stress of endotoxin causes an increase in protein catabolism, then the elimination of nitrogenous wastes, particularly urea, also should be augmented. As judged by urinary nitrogen excretion, this does not occur. Apparently, the kidney is unable to eliminate the additional quantity of nitrogenous wastes and blood NPN becomes elevated as a result.
in endotoxin-poisoned mice was derived from three separate tests. In all cases, an amount of endotoxin capable of "blocking" the increase in urinary nitrogen excreted in response to A C T H was administered intraperitoneally 17 hours prior to the test. The data in the first line of Table IV show that about three times as much phenol red appeared in the urine of normal mice as in that of the poisoned animals. Despite the large variation in individual values as indicated by the standard deviation of the means, the difference is statistically highly significant at the 0.1 per cent level by rank test (9) .
Inulin clearance from blood was tested in similar groups of mice following an intravenous injection of 20 mg. Blood was collected for assay immediately
TABLE IV
Kidney Function Tests in Mice 17 Hours after an Intraperitoneal Injection of I Mg of Dried Acetone-Ether Extracted Cells of S. typhimurium, Strain SR-11
Each of the tests employed is described in the text. The mean 4-the standard deviation for the number of separate determinations given in parentheses is presented for each value. 17 + 16 (9) 6.6 q-1.5 (7) 2.3 + 0.7 (9) 1.07 -¢-0.8 (7) 0.91 -4-0.4 (7) 76.3 (12) after the injection and following an interval of 10, 30, and 60 minutes. The results are given in lines 2, 3, 4, and 5 of Table IV. I t is readily apparent that normal mice clear the inulin more rapidly and more completely than do the endotoxin-poisoned animals. The kidneys of the experimental group were able to clear 86 per cent of the inulin within the hour, compared to the 99.6 per cent clearance in normal mice. On this basis, endotoxin does not block the kidneys completely as the data of Table I I and earlier publications might suggest (1, 2), but a serious impairment in their function is obvious.
Experimental test Control mice Endotoxin
The results obtained with the urea clearance test are presented in the last line of Table IV . The poisoned mice retain about three times as much urea as normal mice, thereby indicating a suppressed kidney function. Retention of 76.3 per cent neglects the nitrogen that accumulates above control values in the blood and intestines (see below).
All three tests point to the conclusion that renal function is inhibited but not lost in animals given a toxic but sublethal dose of endotoxin. The ability of endotoxin to prevent completely the increase in urinary nitrogen excreted during a 17 hour period following ACTH is, therefore, attributable, at least in part, to impaired renal excretion. There is, however, no histological evidence for kidney damage under these conditions. Kidneys removed from mice 17 hours after a "blocking" dose of endotoxin were fixed in Zenker's fluid and stained with hematoxylin and eosin. No histopathology ~ was observed.
Effect of Diuretics on Urinary Nitrogen Excretion in Endotoxin-Poisoned Mice.--Chlorothiazide (diuril) (0.6 nag in 0.25 ml) was administered orally to 20 gm mice 1 hour prior to the intraperitoneal injection of 75 #g of E. coli lipopolysaccharide and the subcutaneous injection of 2 units of ACTH. Urine was collected for 17 hours. The mean volume of urine was 1.0 ml per pair of mice versu3 0.8 rnl for the untreated controls. Urinary nitrogen content was 10.7 mg nitrogen per mouse for animals given diuril and 12.5 mg for those given no diuretic. Animals similarly pretreated with another compound, aminophylline (2 mg orally) were then given endotoxin and ACTH and showed change neither in urine volume (1.2 ml) nor nitrogen output (14.6 rag). The use of these diuretics does not, therefore, correct the oliguria or the impairment in nitrogen excretion in endotoxin-poisoned mice although in normal animals urine volume is increased about 40 per cent.
The Effect of Dihydroergocornlne (Hydergine) on Urinary Nitrogen Excretion in Mice Given
Endotoxin and ACTH.--Hyder~ane is known to abolish the renal vasoconstriction induced by epinephrine and it prevents the renal hyperemia induced by pyrogens (13) . Because of these properties, its influence on the urinary nitrogen excreted by mice given endotoxin and ACTH was determined. The drug was injected subcutaneously (0.3 mg per kg) 30 minutes before challenge. Urine was collected for 17 hours. Urinary nitrogen was 14.8 mg per experimental mouse versus 13.9 mg for the untreated animals. Hydergine, under these Conditions, does not counteract the impairment of renal function typical of endotoxin poisoning.
Total N P N in M/ce.--The data of Tables II and IV establish beyond question that the kidneys of endotoxin-poisoned mice are functionally impaired. Since urea, the predominant non-protein constituent accumulating in the blood of the intoxicated mice (Table III) is known to be distributed throughout body water, it became important to assess total body NPN. The data of Table V summarize the results of such determinations. All NPN values were measured as milligrams of nitrogen per gram of carcass from which the digestive tract had been removed. The numerical data given in the all cases for a carcass weight of 11 gin, the average for 20 gm mice. The q u a n t i t y of u r i n a r y nitrogen excreted u n d e r the different conditions is given also.
I n the first row of Table V , control mice fasted for 17 hours are seen to con- Experimental Conditions All mice were fasted 17 hours after treatment. NPN in the digestive tracts is indicated in the last column in those situations where it was greater than controls. Endotoxin (1 mg of S. typhimurium, except where stated) was given intraperitoneally. ACTH (2 units) and cortisone (5"mg) were injected subcutaneously. Urea (50 mg) containing 23.4 mg nitrogen was given intraperitoneally. Each value is the mean 4-the standard deviation of the number of determinations shown in parentheses. agrees within 1 mg of the quantity of urea nitrogen injected. These values for control animals emphasize the reliability of the methods employed. Mice injected with ACTH have almost the same total body NPN as control animals but they excrete an augmented amount of urinary nitrogen, third row of Table  V . The combined total NPN is 15.6 mg greater than that of controls (43.8-28.2). The kidneys of animals given injections of either urea or ACTH clear quantitatively, therefore, the excess NPN, leaving the final total unchanged. The data of the fourth row were unanticipated in that total NPN and urinary nitrogen output in endotoxin-poisoned mice are only slightly different from those in normal animals. (Blood NPN 17 hours after endotoxin, by contrast, is about double that in normal mice, Table II .) Carcass NPN is elevated 3.5 mg above the control value and the increase is statistically significant at the 1 per cent level of probability by rank order test (9) . Urinary nitrogen output (11.2 mg) is less than that of controls (13.6 mg). The combined total nitrogen of the endotoxin-poisoned mouse is 1.1 mg (29.3-28.2) greater than in unpoisoned mice.
If it is reasonable to assume that the release of adrenocortical hormones always results in an increase in protein catabolism (as reflected by an augmentation in total NPN formation) then endotoxin administration fails to stimulate adrenal activity. This conclusion is at variance with that based on the findings summarized in Table I . It appears both from in vitro adrenal secretion and from adrenal cholesterol content that comparable responses are elicited 17 hours after either ACTH or endotoxin injection. If this were true, then one should anticipate in endotoxin-poisoned mice an elevation in total NPN similar to that found with ACTH alone. According to the results shown in lines 3 and 4 of Table V, no adrenal response (as judged by change in total NPN levels) occurs after endotoxin.
Animals given an injection of both endotoxin and ACTH have carcass NPN values significantly higher than those given endotoxin alone (row 5, Table V ). The total NPN in these mice is less by 6.5 mg than in those injected with ACTH (43.8-37.3). Because of their high carcass NPN the intestines of mice injected with ACTH and endotoxin were assayed and found to contain 2.5 mg more nitrogen than the intestines of animals given only endotoxin. When this 2.5 mg is included in the total nitrogen, a deficit of 4.0 mg remains. Whether the deficit may be interpreted as evidence (a) for a suppression by endotoxin of adrenocortical secretion, (b) as an interference by endotoxin with the protein catabolic activity of the released adrenocorticoids, or (c) as a result of the inaccuracy of the determinations themselves, is not clear.
In an effort to determine the extent to which endotoxin might alter the metabolic effects of adrenal hormones, changes in total NPN were determined in normal and in endotoxin-poisoned mice injected with exogenous cortisone. The results are presented in rows 6 and 7 of Table V. Cortisone in control mice fails to alter carcass N P N but elevates urine nitrogen, as previously shown (2) . The total combined nitrogen is 9.1 mg greater than that in control mice. Since cortisone protects against endotoxin when the two are administered simultaneously (14) (see data of Table II) , cortisone was injected 3 hours after endotoxin with the results given in row 7 of Table V. Carcass N P N is above normal by an amount almost equal to the elevation found in urine of mice injected with cortisone alone. The total combined nitrogen augmented by the 1.0 mg found in the intestine is about the same in the presence of endotoxin as it was in its absence (37.3-28.2 = 9.1 versus 37.5-29.3 = 8.3). It may be concluded, therefore, that exogeneous cortisone is equally active metabolically under both conditions. The distribution of nitrogen, i.e. the amount excreted in urine versus the amount retained in the carcass, was altered in experiments not recorded in Table V by variations both in dose of endotoxin and in the time of its administration prior to the cortisone. In all cases, a total increase of 8 to 9 mg N P N was observed.
Row 8 of Table V summarizes the nitrogen values obtained following a dose of endotoxin well below toxic levels for normal mice but above the lethal level for adrenalectomized mice. The fur in these animals remained normal and no conjunctivitis, diarrhea, anorexia, or decreased physical activity was observed. The carcass N P N was not significantly different from that of control mice while urinary nitrogen excretion was almost as great as in animals given cortisone. Therefore a small dose of endotoxin stimulates adrenocortical secretion as judged by the increased excretion of urinary nitrogen. The adrenal cortex appears to compensate under these conditions for the toxic manifestations of endotoxin. With large doses of endotoxin it may be that the resulting high carcass N P N suppresses the normal rate of urea formation. This was tested with results shown in the last line of Table V. Mice injected with 23.4 mg of urea nitrogen 3 hours after endotoxin show a large increase in carcass N P N and a significant elevation in urine nitrogen excretion. The combined total including an accumulation of 4.7 mg in the intestines over that of control animals accounts for the urea injected (46.2 + 4.7 = 50.9) within the limits of the experimental techniques and suggests that high carcass N P N exerts no effect on the rate of urea production. (There was no measurable accumulation of N P N in the skins of these mice.)
Influence of Total Carcass N P N on the LD6o Dose of Endotoxin.--Mice given both endotoxin and ACTH have a high carcass NPN. The accumulated urea (Table V) may be toxic and may explain why ACTH sensitizes the animal to lipopolysaccharide (2) . To simulate this effect, intraperitoneal injections of urea were given at intervals after endotoxin when renal function was believed to be impaired. High carcass N P N values were obtained in this way without altering, significantly, the lethality of the endotoxin. Twenty-five of 35 mice died with endotoxin alone while 21 of 35 died when endotoxin and 50 mg urea were injected intraperitoneally.
DISCUSSION
The assay for bacterial endotoxin based on the quantity of urinary nitrogen excreted in response to ACTH (1) is dependent in part upon the reduced ability of the kidneys to clear plasma (and body water) of nitrogenous wastes, primarily urea. The underlying cause for this malfunction is obscure. No histological pathology is evident under the conditions of these experiments and in those of Hinshaw a al. (15) even though bilateral renal cortical necrosis following endotoxin poisoning has been reported for both rats (16, 17) and rabbits (18)under certain conditions. Oliguria and impaired plasma inulin clearance both suggest that reduced glomerular filtration pressure contributes in part to the alteration in renal physiology observed in endotoxin poisoned mice. Weil and Spink (19) and Martin and Nichols (20) have included oliguria as a typical symptom of Gram-negative infections in human beings and it has also been described in experimental animals (15) . On the other hand, secretory impairment in the uriniferous tubules of mice following endotoxin administration is indicated by the results obtained with phenol red and urea excretion. Each of these substances, known to be excreted by the tubules, is eliminated less effectively, as percentage of control values, than is inulin, which is believed to be excreted without tubular participation. If endotoxin acts directly on the kidney rather than on the vascular bed it must respond to a small fraction of a toxic dose as judged by the distribution of lipopolysaccharides labeled with radioactive isotopes since only a small fraction of injected endotoxin reaches the kidney (21) . The fact that injections of diuril and aminophylline in endotoxin-poisoned mice fail to alter urine volume and urine nitrogen excretion indicates the complexity of the renal involvement in these animals. Further studies will be required to understand these relationships more completely.
The nature of the role played by the adrenal cortex in the assay for bacterial endotoxin is far from clear. Adrenalectomized animals are known to be between a hundred and a thousand times as sensitive to endotoxin as intact animals (22, 23) . This alone is undeniable proof that the adrenal contributes in a major way to an animal's response to endotoxin. Cortisone given concurrently with an LDg0+ dose of heat-killed S. typhimurium protects to the extent that only about 20 per cent die (14) . A greater total body carbohydrate remains in the surviving animals and, according to the data of Tables II and V, the kidney remains capable of keeping blood NPN and carcass NPN within normal limits. ACTH, by contrast, sensitizes mice to endotoxin (2) and fails to alter the decline in body carbohydrate seen typically with endotoxin alone. Since both the corticotrophic hormone and endotoxin deplete adrenal cholesterol to approximately the same extent and result in comparable reductions in the in vitro secretion of the glands (Table I) , it might be assumed that the two would affect nitrogen metabolism to the same extent. This is true neither for blood NPN (Table II) nor total NPN (Table V) . In the presence of ACTH both nitrogen values are higher than with endotoxin alone. Endotoxin has no influence on the metabolic activity of cortisone, as judged by change in total NPN, even though delaying the time of its injection after endotoxin eliminates the protective role of the hormone. On the other hand, endotoxin may interfere with the total amount of corticoid released by the adrenal cortex in response to ACTH, again as judged by the reduction in total NPN. This effect could be secondary to vascular changes but much work remains before this becomes established.
Injection of a toxic dose of endotoxin is associated with a total body NPN no different from that found in control animals (Table V) . One-fiftieth the amount of endotoxin elevates protein catabolism almost as much as an injection of 5 mg cortisone (Table V) . This strongly implies that the adrenal cortex is able to respond to small doses of endotoxin but not, for some reason, to the larger doses. Perhaps a toxic dose is one that interferes with adrenal function. In order to understand more fully the changes in nitrogen metabolism associated with endotoxin poisoning, additional studies with adrenalectomized mice will be required.
One outstanding hope has grown out of the experiments just described. The validity of quantifying the total non-protein nitrogen of the mouse under different experimental conditions seems to be established. This should now make it possible to resolve the interaction of the adrenals, the kidneys, and bacterial endotoxins. At least future experiments will be aimed in this direction.
SUM~5.AR¥
In vitro secretion of glycocorticoids by adrenal glands pooled from several control mice was compared with that of glands removed from animals following injections of either ACTH or endotoxin. Both substances prevent glycocorticoid synthesis stimulated in vitro with ACTH. Cholesterol content of adrenal glands under these conditions was nearly depleted, indicating maximal response to ACTH or endotoxin prior to their removal for the in vitro tests.
In an effort to account physiologically for the manner in which endotoxin suppresses or prevents the rise in urinary nitrogen excreted in response to ACTH, blood non-protein nitrogen levels (NPN) were determined. The following experimental conditions resulted in increased urinary nitrogen excretion but did not alter blood NPN: cortisone given alone or at the same time as endotoxin; ACTH alone; dichloroisoproterenol (DCI) given concurrently with endotoxin; and lactalbumin digest injected intraperitoneally. Increases (2-to 3-fold) in blood NPN were observed when endotoxin was given alone, concurrently with ACTH, or 3 hours prior to cortisone, DCI, or lactalbumin digest. Urinary nitrogen excretion showed no change under these conditions.
The elevation in blood NPN in endotoxin-poisoned mice was found to be due almost entirely to urea nitrogen and not to amino acid nitrogen or to other nitrogenous wastes.
Blood clearance of inulin, phenol red excretion, and urea elimination were each determined in control and in endotoxin-poisoned mice. The latter mice showed impaired renal function. Treatment with diuretics (diuril and aminophylline) failed to alter oliguria or elevated blood NPN. Hydergine treatment was also without effect.
Total carcass N P N and urinary nitrogen excretion data were combined to give a picture of total protein catabolized by mice under different experimental conditions. Cortisone injected at the same time as endotoxin or 3 hours later resulted in the same increase in total NPN. However, in the former case all the extra nitrogen appeared in the urine while in the latter it remained in the carcass. ACTH given alone or concurrently with endotoxin produced large increases in total N P N but less in poisoned mice. This suggests that endotoxin suppresses adrenal response to ACTH.
Urea injected into normal mice was recovered quantitatively in urine while in endotoxin-poisoned mice it was partitioned between carcass and urine. Elevation of carcass N P N by means of urea injections failed to alter the lethality of an LDT0 dose of endotoxin.
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